Abstract Physical virology seeks to define the principles of physics underlying viral infections, traditionally focusing on the fundamental processes governing virus assembly, maturation, and disassembly. A detailed understanding of virus structure and assembly has facilitated the development and analysis of virus-based materials for medical applications. In this Physical Virology review article, we discuss the recent developments in nanomedicine that help us to understand how physical properties affect the in vivo fate and clinical impact of (virus-based) nanoparticles. We summarize and discuss the design rules that need to be considered for the successful development and translation of virus-based nanomaterials from bench to bedside.
Introduction: virus-based materials in medicine
Nanomedicine is an attractive field of research because it offers the potential for noninvasive diagnosis and treatment options. Nanoparticles are advantageous because their large surface-area-to-volume ratio allows functionalization with payloads of targeting ligands to ensure tissue-specific delivery, labels for tracking or disease imaging, and drugs for therapy [1] . Nanoparticles are used to partition cargos between diseased and healthy tissue, ideally avoiding healthy tissues or at least minimizing the accumulation of toxic substances in healthy organs [2] . Several classes of nanomaterials are currently undergoing preclinical/clinical development and testing, including dendrimers, liposomes, polymers, metallic nanoparticles, and viral nanoparticles (VNPs). Each class offers distinct advantages and disadvantages in terms of functionality, physiochemical properties, biodistribution, pharmacokinetic behavior, immunogenicity, and toxicity:
• Dendrimers are inexpensive and easy to manufacture, but some are not biocompatible [3, 4] .
• Metallic nanoparticles have physiochemical properties that make them useful for imaging and therapeutic applications, but some formulations show slow tissue clearance [5] .
• Polymers and liposomes are biodegradable and nontoxic, but are prone to degradation in vivo [6, 7] . Their large size (>100 nm) also hinders tissue penetration and effective distribution [1] .
• Viral nanoparticles (VNPs) come in different shapes and sizes and are tunable with atomic precision. However, like other protein-based nanomaterials, they are immunogenic. Strategies such as PEGylation can be used to overcome the immunogenicity of VNPs [8] [9] [10] [11] [12] [13] . The development and application of virus-based materials in medicine is a growing field with a strong potential impact [14] [15] [16] . There are many novel types of VNPs under development, with those based on bacteriophages and plant viruses favored because they are considered safer in humans than mammalian viruses [17] . Preclinical studies in mice have shown that plant viruses can be administered at doses of up to 100 mg (10 16 VNPs) per kilogram body weight without signs of toxicity [18, 19] . In contrast, 10 11 adenovirus particles can cause severe hepatoxicity [20] . VNPs are also advantageous because genetic engineering allows (at least theoretically) the introduction of precise and reproducible modifications so that large quantities of identical particles matched to individual patient disease profiles can be manufactured as personalized medicines. VNPs are genetically encoded and self-assemble into discrete and monodisperse structures with a precise shape and size (Fig. 1) . Virus structures are understood at atomic resolution, and self-assembly of mutant and chimeric particles has been established for a number of viral systems, allowing the development of protocols for high-precision VNP tailoring. This level of quality control cannot yet be achieved with synthetic nanoparticles. This unique vector system can also be combined with chemical modifications to add further functionality. Finally, the production of plant viruses or bacteriophages using molecular farming in plants or fermentation in cells is highly scalable and economical.
VNPs come in many shapes and sizes ( Fig. 1) . As with other nanomaterials, the vast majority of VNPs in research and development are spherical (i.e., icosahedral), e.g., adenovirus-based gene-delivery vectors and plant viruses such as Cowpea mosaic virus (CPMV), Brome mosaic virus (BMV), Cowpea chlorotic mottle virus (CCMV), Hibiscus chlorotic ringspot virus (HCRSV), and Red clover necrotic mottle virus (RCNMV) [18, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . A few high-aspect-ratio virus-based materials have also been investigated, principally Tobacco mosaic virus (TMV), Potato virus X (PVX), and bacteriophage M13 [33] [34] [35] [36] . [21] . f Acidianus zipper-like virus. Reproduced with permission from Rachel et al., Arch Virol 2002 [22] . g Acidianius two-tailed virus and its extrusion from the host cell. Reproduced with permission from Praghisvili et al. Nature Reviews 2006 [21] . h Sulfolobus neozealandicus droplet-shaped virus. Reproduced with permission from Praghisvili et al., Nature Reviews 2006 [21] . Scale bars are 100 nm
Design rules in nanomedical engineering
Recent research has investigated the effect of shape, size, charge, and other surface characteristics on the behavior of nanoparticles within the body. Rules are now emerging to guide the design of nanoparticle-based therapeutics and diagnostics for in vivo applications. Nevertheless, untangling the interplay between the surface chemistry, size, and charge of nanoparticles and the complex biological barriers encountered en route to target tissues remains an exciting challenge. Biophysical modeling focused on the fundamental interactions at play coupled with both in vitro and in vivo experiments have begun to shed light on these factors and their role in cellular uptake, vascular interactions, passive and active targeting, and biodistribution.
Long-range interactions (LRIs) play an important role in biological, physical, and chemical processes and were the focus of a recent U.S. Department of Energy, Office of Science workshop and review [37] spanning the biology, chemistry, and physics communities. LRIs are categorized as being long-range electrodynamic, electrostatic, and polar interactions that dominate the organization of small objects at separations beyond an interatomic bond length. They give rise to forces that help systems lower their thermodynamic free energy. They should be distinguished from the basic chemical process of covalent bond formation associated with chemical reactions, and the basic biological processes of metabolism leading to energy production. In addition, more than a dozen "different" LRIs are typically defined and used by researchers in particular scientific fields, e.g., hydrophobic [38] , hydration, steric, depletion, and other interactions [39] . The impact of these types of particularization in LRIs is closely tied to specific application areas, which while convenient in the subfields, is an inhibition of the fundamental advancement in the nanoscale science of long-range interactions. For example, the van der Waals-London dispersion interactions and Casimir interactions are identically electrodynamic LRIs. These particular cases of LRIs, useful in their respective subfields, can at the same time be considered fundamentally from their origins, as combinations of the three fundamental LRIs: the electrodynamic van der Waals-London dispersion (vdW-Ld) interaction, the Coulombic or electrostatic interaction of importance in systems with net-charged moieties, and polar or acid-base interactions. This emphasis on the fundamental LRIs will help clarify and advance the field of LRIs and their broad role across the fields of science. These interactions have differing interaction lengths, all greater than simple covalent bond lengths, and differing relative magnitudes, but they all can play critical roles in the behavior of complex heterogenous systems. These are the class of systems that are critical in nanomedical engineering, where we strive to design nanomedicine vehicles that can be assembled, transported through the circulatory system, and ultimately disassemble in the diseased cells after leaving the circulatory system. Therefore, the three LRIs at play turn out to be important contributors to the mesoscale challenge of nanomedicine, producing vehicles with controlled lifetime performance from fabrication to delivery and beneficial impact at the target site.
Translational research involving VNPs is gaining momentum, including the development of VNPs for applications in drug and siRNA delivery as well as positron emission tomography (PET) and magnetic resonance (MR) imaging [40] . There are currently approximately 20 different platforms under investigation; a consensus on overall performance has yet to be reached. Recent studies have yielded general principles and models that have been applied specifically to the development and application of VNPs. These exciting new research initiatives have revealed certain differences in both the behavior and properties of icosahedral, rod-like, and filamentous viruses, providing tools for further investigation. Together, these studies lay the foundation for the intelligent design of nanoparticles with the ideal combination of properties for specific medical applications. As we forge the foundational connection between biomedical engineering and biological physics, so as to understand the three LRIs and the chemical and biological processes that determine the lifecycle of nanomedicines in the body, we will be able to address and optimize their efficacy.
Nanoparticle-cell interactions
Nanoparticles face various biological barriers en route to their target site; the first hurdle is the circulatory system with its complex composition of plasma proteins and immune cells specialized to remove foreign materials form circulation. Surface chemistries and geometry of the nanocarrier are variables to be tailored to minimize undesired cell interaction with non-target cells. Once at the target site, cell targeting and uptake into diseased cells are desired for effective cargo delivery; again surface chemistry and geometry are variables that determine cell uptake interactions. To be successful in drug delivery, a balance between shielding from circulatory cells and targeting of disease cells must be accomplished.
In aqueous biological systems containing cells and nanoparticles, there are similarities to the colloidal chemistry of aqueous particulate systems in which one considers the attractive and repulsive particle interactions [41] . The electrodynamic vdW-Ld interaction is universal, present in all systems, and serves to set a comparative scale or magnitude for the intermolecular or interparticle force balance, which may be increased or decreased through the contributions of other LRIs. These vdW-Ld interactions in combination with electrostatic and polar interactions produce a rich range of behavior that encompasses stable dispersions and long circulation times, all the way to attractions that lead to flocculation and the removal of particles from the fluid phase.
Phagocytosis of nanoparticles

Phagocytosis: the impact of particle shape
Phagocytosis is a cellular process involving the uptake of specific targets into cells, which mediates several key functions of the human innate immune system including the clearance of pathogens and senescent cells [42] . Phagocytosis also removes nanomaterials from the circulation and deposits them in non-target organs, which is a significant challenge in nanomedicine. For many nanoparticle formulations, only a fraction of the injected dose will reach the target tissue, whereas the majority will accumulate in the liver and spleen [43] . Understanding the phagocytosis of nanomaterials is thus a key step in nanomedical engineering because avoiding phagocytosis is a stepping-stone to effective drug delivery.
Although the uptake mechanism used by immune cells such as macrophages is well characterized, the impact of target geometry remains elusive. The effect of target size and shape on phagocytosis has been investigated using a variety of model polystyrene targets [44] . Time-lapse video microscopy revealed that particle internalization relies on local particle shape at the initial point of contact with the macrophage, but not particle size. Shape-dependence was quantified using the contact angle ( ), defined as the angle between the cell membrane and the average direction of tangents along the contour of the target (Fig. 2) [44] . There was a negative relationship between the rate of phagocytosis and , where macrophage attachment to targets along the major axis (small ) allowed rapid internalization, whereas attachment along the minor axis ( > 45
• ) prevented internalization but allowed spreading over the target. Further investigation into the underlying mechanism showed that actin cup formation was effectively inhibited by attachment along the minor axis. Thus, shape was shown to affect the initiation of internalization, whereas size may make the difference between the completion and cancellation of uptake [44] .
Similar observations were reported when worm-like filomicelles were taken up by phagocytosis. The efficiency of phagocytosis was reduced as the aspect ratio of the filomicelles increased under static conditions [45] . This probably reflects the reduced likelihood of macrophage attachment along the major axis for the longer particles. Furthermore, macrophages under flow conditions did not internalize the longer filomicelles as readily due to the alignment and extension of the filaments in the flow field [45] .
One of the fundamental aspects of these fluid-solid interactions is wetting, and can be seen in the contact angle of a fluid droplet on a surface or membrane [46, 47] . The nature of is the angle between T and membrane normal at the site of attachment, N. b Phagocytosis phase diagram with and dimensionless particle volume V* (particle volume divided by 7.5 μm radius spherical cell volume) as governing parameters (n = 5 for each point). Initialization of internalization is judged by the presence of an actin cup or ring. There are three regions. Cells attaching to particles at areas of high > 45 • , spread but do not initiate internalization (region C). Cells attaching to particles at areas of low < 45 • , initiate internalization (regions A and B). If V* is ≤ 1, internalization is completed (region A). If V* > 1, internalization is not completed because of the size of the particle (region B). The arrows above the plot indicate the point of attachment for each shape that corresponds to the value of on the x-axis. Each case was classified as phagocytosis or no phagocytosis if >95% of observations were consistent. Each data point represents a different shape, size, or aspect ratio particle. Reproduced with permission from Champion et al., PNAS 2006 [44] the fluid also changes the contact angle dramatically, as for example in aqueous solutions where both the polarity of the fluid and of the particles or cells can change the contact angle and wetting behavior dramatically. These contact angles mimic those discussed in the progression of phagocytosis and can play a critical role in particle shape and removal of the particle from circulation.
Design Rule #1: Elongated filaments or particles with more complex geometries that achieve larger contact angles are beneficial because they avoid clearance by phagocytosis.
Phagocytosis: The impact of particle surface chemistry
An additional consideration to prevent recognition and clearance by macrophages includes the established strategy of decorating the particles with poly(ethylene) glycol (PEG), a hydrophilic polymer that shields the particles from opsonization [48] (see also Design Rule #3).
The impact of surface chemistry on cellular fate
Balancing targeting and shielding ligands
Targeting The overall goal in drug delivery is to achieve cell targeting and tissuespecificity while avoiding avoid phagocytosis and accumulation in non-target organs. Current developments in nanomedicine focus on receptor-mediated endocytosis (RME) to achieve the tissue-specific cellular delivery of nanoparticles. Antibodies or peptide ligands specific for receptors overexpressed selectively on diseased cells are frequently used as surface ligands to confer tissue/cell-specificity. Many reports demonstrate the versatility of nanoparticle targeting strategies, several of which have been applied to virus-based materials. To name a few examples, CPMV nanoparticles have been targeted to vascular endothelial growth factor receptors and gastrin-releasing peptide receptors, both of which are known to be upregulated on tumor cells and tumor endothelium. Receptor targeting was achieved using short peptide sequences specific for these receptors. Tumor homing with targeted CPMV nanoparticles has been demonstrated using a mouse model of colon cancer [49] and an avian model of prostate cancer (Fig. 3) [50] . A popular targeting ligand is the RGD motif, which has been linked to CPMV, TMV, M13, and adeno-associated virus (AAV) vectors [33, [51] [52] [53] [54] . Other targeting strategies include the use of ligands that naturally accumulate in tumor tissues, such as the iron-storage protein transferrin and vitamin folic acid. Proliferating cancer cells overexpress receptors for these ligands so the conjugation and multivalent display of transferrin or folic acid on the VNP surface promotes cancer cell targeting and uptake via endocytosis (Fig. 3 ). This has been demonstrated using MS2, CPMV, CPV, HCSRV, bacteriophage HK97, and several other viruses as well as other nanomaterials [30, [55] [56] [57] [58] [59] .
Design Rule #2: Receptor-specific ligands can be used to target specific cell types and enhance cellular uptake via endocytosis.
Peptide libraries and phage display technology enable us to identify targeting ligands specific for a particular receptor. Using such molecular biology screening tools, peptides with high selectively and affinity can be selected. Oftentimes, however, the fundamental interactions that play a role and trigger target specificity are not yet understood on a molecular level, and this thus presents another opportunity for improvements in nanomedical engineering. Some of these effects may arise due to the polar (acid/base) interactions that play important roles in nanoscale chemical interactions among systems in which covalent bonds are not formed.
Shielding Targeted cargo-delivery not only requires efficient uptake into target cells but also shielding from non-target cells, which can be achieved using dual modifications. For example, PEG chains are typically used to reduce the non-specific uptake and targeting ligands are used on the same particles to confer tissue-specificity, resulting in VNPs that can achieve immune evasion and efficient gene-delivery (Fig. 4) [59, 60] .
Design Rule #3: PEG or other shielding ligands should be included in the design to reduce non-specific cell interactions and evade the immune system.
Cell interactions depend on nanoparticle surface charge
Mammalian cell membranes are negatively charged because of their abundant proteoglycans. Nanomaterials therefore interact more strongly with mammalian cells if they are positively charged [61] [62] [63] . Strategies to enhance cell binding therefore include the use of positively charged poly(Arg) peptides (as an alternative strategy or in addition to receptorspecific targeting ligands discussed above) [64] . For example, we showed that CPMV particles decorated with 40 poly(Arg) peptides are taken up by cells eight times more efficiently than native CPMV [65] . [60] Design Rule #4: Positively charged materials interact with mammalian cells more productively than negatively charged materials.
The Coulombic/electrostatic LRIs produce attractive and repulsive forces, have the longest range, and play substantial roles in biological processes [37] . At the same time, our understanding of these electrostatic interactions is limited to the mean-field PoissonBoltzmann (PB) approximation, which in many situations does not agree with experimental observations. Even in simple electrostatic double layers, PB approaches are inadequate; electrostatic interactions of biological moieties in aqueous solutions demonstrate the limitations of our understanding. Also, with polyvalent cations, there can be attractive forces that are observed in osmotic stress measurements but are not present in PB calculations. So the simple design rule we cite has opportunity for refinement so as to illuminate how to use electrostatic interactions in the design and biomedical engineering process.
Receptor-mediated endocytosis of nanoparticles
Impact of particle size and ligand density on receptor-mediated endocytosis
We consider size and ligand density together because it is challenging to separate these variables. Mathematical models and molecular dynamics simulations have been developed using a simplistic representation of the cell membrane containing a single phospholipid and an excess of receptors exposed to different nanoparticle formulations to investigate factors that affect endocytosis, such as nanoparticle size and shape, binding strength, and ligand coverage [66] . Passive endocytosis occurs if there is a reduction in the free energy of the system, thus endocytosis increases with higher ligand coverage and receptor/ligand binding strength. This phenomenon can be explained using the Helfrich theory of membrane elasticity, in which spontaneous endocytosis can occur when the vesicle that ultimately encapsulates the particle has a radius above a certain value that is dependent on membrane rigidity and mean membrane curvature [67] .
These findings have been complemented using other mathematical models [68] . Minimum receptor density and minimum wrapping ratios can be determined, providing a basis for the rational engineering molecules that can be taken by endocytosis, because values below the minimum threshold will not provide sufficient energy to wrap the cell membrane around particle. The optimal particle radius was found to be a delicate balance between the thermodynamic driving force and the diffusion kinetics associated with the mobile receptor. While particles smaller than the optimal radius increased the total free energy, effectively inhibiting cell membrane wrapping, particles larger than the optimal radius could undergo wrapping although the process took longer because the receptors needed to diffuse over a greater distance (Fig. 5) [68] .
These observations were experimentally verified using 50-nm transferrin-coated spherical gold nanoparticles, which were optimal for internalization by HeLa cells by clathrinmediated endocytosis. The model did not predict that smaller particles would also be taken up by the cells, but this required a cluster to form prior to internalization [69] . Ultimately, modeling parameters such as the optimal particle radius, wrapping time, receptor density, and thermodynamic factors offer significant insight into the cellular dynamics that are contingent on receptor-mediated endocytosis.
Design Rule #5: Multivalency and increased ligand density can enhance cellular uptake. Typically there is a threshold for optimal ligand density and spacing, which is highly dependent on the precise nature of the receptor-ligand system. Design Rule #6: The internalization process is dependent on the membrane wrapping time. Through competition between hydrodynamic driving force and receptor diffusion kinetics, there is an optimum radius (R* = 30-50 nm) for efficient wrapping [61, 62, 68, [70] [71] [72] [73] [74] [75] .
Impact of nanoparticle geometry on receptor-mediated endocytosis
Researchers have recently investigated the impact of particle shape on target cell binding and internalization. Although a growing body of data indicates that elongated filaments and [68] rods have superior pharmacokinetic and tumor-homing properties [45, [76] [77] [78] [79] , it is not yet clear how these materials interact with cells.
Models have shown that spherocylindrical particles are preferred over spherical particles for endocytosis, probably reflecting the lower mean curvature of the spherocylindrical particle. The orientation of the spherocylinders changed following uptake, such that they ultimately aligned in parallel with the membrane regardless of the initial orientation [66] .
The effect of morphological anisotropy and initial orientation on particle penetration behavior was investigated using a dissipative particle dynamics models [80] . As found with phagocytosis, penetration became less efficient as the contact angle increased for ellipsoids. Furthermore, the contact area and local curvature of the particle at the contact point also affected the efficiency of penetration across the lipid bilayer. Using discs with different radii, it was found that discs with smaller contact areas were better able to translocate as they caused less disruption to the packing states of the lipids in the bilayer. In addition, for particles such as ellipsoids whose curvature increases the disruption area during internalization, the necessary force for penetration is lower if the particles are longer, causing the change to be more gradual. Interestingly, the force required for penetration was greater for longer cylinders [80] .
Whereas modeling allows the precise and individual control of geometry and surface chemistry, these labels are more difficult to separate in physical experiments. Although there are data showing that particle geometry does affect cellular uptake, a consensus has yet to be reached. For example, when gold nanorods and spheres are targeted to breast cancer cells, the particles with the highest aspect ratio are taken up more slowly. However, the nanorods were found to form aggregates in the culture medium, with longer rods forming larger aggregates that may be more difficult to take up [81] . Similar observations were made when comparing the internalization of transferrin-coated gold nanorods and spherical particles by cervical cancer cells. The rods were internalized much more slowly than the spheres, but the transferrin was concentrated at the ends of the rods, making receptor-ligand interactions more challenging [82] .
Different results have been reported using cationic PEG hydrogel cylinders produced by PRINT (particle replication in nonwetting template) technology (Fig. 6) [63] . Here, higher aspect ratio cylinders were internalized more rapidly than isotropic cylinders with a similar volume by cervical cancer cells. The difference in material properties, e.g., charge, may play a role in these different behaviors. The impact of charge was investigated by treating the particles with acetic anhydride to convert surface amine groups into amides. There was very little uptake of these particles, which are essentially identical except for the negative charge [63] .
Some studies indicate that elongated materials with the same volume but different aspect ratios have distinct internalization rates, with higher aspect ratios resulting in faster uptake kinetics [62, 63] . However, others have shown the opposite phenomenon, i.e., nanorods with a low aspect ratio are taken up more efficiently [83] and spheres interact more efficiently with cells than rods [82, 84, 85] .
Design Rule #7: Ellipsoid and cylindrical particles may be ideal for targeted uptake if the aspect ratio is optimized and especially if contact orientation can be controlled. Geometry plays a role in the efficiency of cellular uptake, but more research is required to define the design rule.
A potential avenue would be to include physics and fundamental LRIs into biological measurement and testing. From a physical point of view, anisotropy in nanoparticles can [63] be morphological (shape), chemical, and/or optical [37] . Many biological materials show strong optical anisotropy, such as can be seen in fibrillar and helical materials. An example of both morphological and optical anisotropy is found in vdW-Ld interactions of carbon nanotubes (CNTs), in which optical anisotropy is observed for electric fields along, versus perpendicular to, the tube axis. In this case, one finds that there is both shape and optical anisotropy leading to not only attractive or repulsive normal force acting between CNTs in solutions but also giving rise to vdW-Ld torques, which can promote mutual alignment of CNTs in solution and upon deposition on surfaces [86] . These vdW-Ld torques are forces that can be manipulated for engineering purposes, and for example can allow optically anisotropic biological moieties to orient. Another example from CNTs is seen by singlestranded DNA, which wraps CNTs with a pitch that helps give net-charge to the DNA-CNT hybrids and enables the use of both vdW-Ld and electrostatic interactions for dispersion, separation, and placement of these hybrid moieties [87] .
Nanoparticle-vascular interactions
Vascular targeting of nanoparticles
Understanding nanoparticle-cell interactions in vitro is the first step towards defining rules for the design of effective nanomedicines. However, studies under static conditions using monolayers of cells do not tell the whole story, and it is also necessary to consider interactions between nanoparticles and three-dimensional tissue models such as the vasculature under realistic flow conditions. In vascular targeting, particles circulating in the vasculature must find the disease site on the endothelium, marginate to the vessel wall, adhere firmly to the endothelial cells, and then control whether they are internalized depending on the goal [88] . The margination of spherical, discoidal, ellipsoidal, and quasi-hemispherical silica particles in the microcirculation has been evaluated using a parallel plate flow chamber (Fig. 7) [76, 77] . Under linear laminar flow, non-spherical particles were more likely to drift laterally, and the lateral drift velocity was related to the Stokes number. Discoidal particles with low aspect ratios were more likely to marginate than other shapes in a gravitational field [76, 77] . Similar findings were reported in studies of liposomes, metallic gold, and iron oxide nanoparticles of various sizes and shapes, i.e., oblate particles showed a greater tendency for margination. In addition, smaller and less dense particles tended to marginate more efficiently, a trend that could be described by the inverse of a modified Peclet number [78] .
The consistently superior margination of non-spherical particles reflects the fact that spherical particles tend to follow streamlines without lateral drift unless an external force is applied [89] . In contrast, non-spherical particles tend to rotate and tumble, thus resulting in lateral torque that causes margination without external forces [90] . Similar trends have been observed in other parts of the vasculature because red blood cells tend to congregate in the vessel cores, resulting in a cell-free layer close to the endothelial wall where nanoparticles travel in a linear laminar flow path [91] . This is advantageous because particles skimming the sides of larger vessels can marginate more readily and also leave larger vessels to enter the microcirculation [88] . [95] Design Rule #8: Non-spherical, low-density nanoparticles have superior margination properties and thus a higher propensity to reach the target site.
Adhesion to target cells on the endothelium is necessary after margination. Firm adhesion occurs when dislodging forces and hydrodynamic shear stress at the vessel wall are overcome by non-specific adhesion forces and receptor-ligand interactions between the nanoparticles and the target cell. This requires a compromise in terms of size. As the particle size increases, more ligands are presented, offering more opportunities for the particles to interface with the endothelial cells, but the hydrodynamic forces also increase. This principle holds true for particles of various shapes, but oblate particles showed stronger cell adhesion than spherical particles for the same volume [92] . Following adhesion to the vascular target, and depending on the design, the particles may either remain in situ to serve as imaging contrast agents or may be internalized to release therapeutic agents.
Design Rule #9: Oblate particles adhere more strongly to vascular targets.
Design Rule #10: Size must be compromised: a larger nanoparticle has a larger surface area and can display more ligands that bind endothelial cells, but hydrodynamic and shear forces also increase with size and work against attachment.
CPMV-a nanoparticle with natural affinity for mammalian endothelial cells
Based on the design rules and physical phenomena described above, the currently favored 30-nm spherical VNP format may not be ideal for vascular targeting. However, research has shown that biology overwrites physics. CPMV has a natural affinity for vimentin [93, 94] , a protein displayed on the surface of endothelial cells in the embryonic vasculature. Intravital imaging studies using fluorescence-labeled CPMV particles indicated that the plant VNP was specifically internalized by endothelial cells in vivo (Fig. 8) [95] . Vimentin is also overexpressed in tumor endothelium [96] , which means CPMV is efficiently taken up into this tissue as shown using the chick chorioallantoic membrane tumor model. Fluorescencelabeled CPMV sensors accumulated within the tumor endothelium and allowed mapping and imaging over long time periods [95] . CPMV could therefore be used as a natural endothelial probe to image vascular disease and may provide novel insights into the expression profile of vimentin on the cell surface.
Design Rule #11: Modeling and in vitro testing may provide insights into the fate of nanoparticles, but in vivo studies must accompany such evaluations because biological principles are more complex than mathematical and physical models can predict.
Pharmacokinetics
Impact of nanoparticle shape on pharmacokinetic behavior
Another benefit of particle accumulation close to blood vessel walls is the enhanced permeability and retention (EPR) effect, which means nanoparticles can passively diffuse across the tumor endothelium due to the leaky vasculature and inefficient lymphatic drainage from tumor hypervascularization [97] . Longer circulation times and better margination properties therefore favor particle escape through fenestrations into the tumor microenvironment. Not surprisingly, circulation time is also influenced by particle shape. For example, filomicelles last up to ten times longer and therefore possess superior tumor-targeting properties compared to spherical micelles, probably due to the evasion of phagocytosis (see design rule #1) [45] . Furthermore, PEG linkers can be incorporated to reduce macrophage recognition, therefore increasing both active and passive targeting efficiency by extending the circulation time [98, 99] .
Design Rule #12: Elongated materials have longer circulation times and enhanced tumorhoming properties compared to spherical nanoparticles.
Impact of nanoparticle surface charge on pharmacokinetic behavior
Surface charges of the nanocarrier play a role in electrostatic interactions with circulating proteins and cells. Data indicate that positively charged nanomaterials have superior pharmacokinetic properties because they have longer plasma circulation times. In the case of VNPs, this means that negatively charged viruses such as CPMV and CCMV have rather short plasma circulation times (t 1/2 < 15 min) [18, 19] , whereas positively charged viruses such as bacteriophage Qβ are much more persistent (t 1/2 = 3 h) [100] . VNPs can be genetically or chemically modified to increase the number of positively charged amino acid residues, and regardless of the platform (e.g., Qβ, λ, and M13), the circulation time increased in line with the number of additional positive charges [100] [101] [102] [103] .
Design Rule #13: Positively charged materials have longer circulation times.
When considering VNPs, one must keep in mind that even though the net charge may be negative or positive, VNPs are biological entities that consist of complex patterns of amino acids of varying charges in the local microenvironment of the capsid. Two VNPs of comparable net surface charge (or zeta potential) may or may not have similar pharmacokinetics. The local charge distribution may impact the interactions with plasma proteins.
In physics, grading of the interfacial properties, such as charge and composition, can also play a strong role in the formation and performance of interfaces over time. Graded interfaces are observed in many real systems, and are typically ignored in our modeling and design of systems. Yet these graded interfaces can themselves exhibit important thermodynamic free energies and better stability than abrupt interfaces that are typically idealized [37, 104, 105] .
Nanoparticle transport in solid tumors
Impact of nanoparticle size on transport within solid tumors
In healthy tissues, the movement of molecules is driven by diffusion (concentration gradients) and convection (pressure gradients). In tumor tissues, the leaky vasculature and lack of a functional lymphatic drainage increases the interstitial fluid pressure [106] , which reduces convective transport from the vessel wall into the interstitial space. Therefore, diffusion is the primary mode of nanoparticle and drug transport in tumor tissues. The diffusion coefficient correlates inversely with the hydrodynamic radius (R H ) of the nanoparticle (based on the Stokes-Einstein relationship); thus the smaller the material, the more efficient the diffusion. However, larger particles (60-100 nm) are more likely to accumulate in the tumor based on the EPR effect (Fig. 9) [107] . To meet both requirements, i.e., preferable larger size for tumor homing and preferable smaller size for enhanced penetration, a number of multistage delivery systems have been developed in which a complex of nanoparticles is used to navigate the vasculature to reach the target site, whereupon the structure disintegrates and releases smaller nanoparticles for enhanced tissue penetration [108] [109] [110] .
Design Rule #14: Larger nanoparticles are more likely to accumulate in the tumor or target the vessel wall (see Design Rules #9 and #10), but smaller particles can penetrate more deeply. Multistage delivery systems are therefore ideal to meet both requirements.
Impact of nanoparticle shape on transport within solid tumors
Filamentous rods have superior tumor-homing properties to spherical nanoparticles because of their longer circulation times and beneficial flow properties. Data also indicate that elongated materials are transported across plasma membranes more efficiently: nanorods (54 × 15 nm) with the same effective hydrodynamic radius and diffusive transport in water as nanospheres (35 nm) are more efficient at penetrating gels and tumor tissues [111] . The short, cross-sectional dimension of nanorods determines the membrane transfer efficiency [111] .
We recently compared the biodistribution and tumor-homing properties of filamentous PVX (515 × 13 nm) and icosahedral CPMV (30 nm) particles. Both were decorated with fluorescent dyes for tracking and with PEG to reduce immunogenicity and nonspecific binding. Tumor-homing studies were carried out using avian embryo and athymic nude [108] mouse tumor xenograft models of fibrosarcoma, squamous carcinoma, and colon cancer. The chick chorioallantoic membrane (CAM) model is convenient for the intravital imaging of angiogenesis and VNP uptake [95] . Using this model, we found that PVX accumulated to significantly higher levels in the tumor core compared to CPMV, confirming enhanced penetration into the tumor tissue. Furthermore, ex vivo imaging and fluorescence platereader assays in the mouse studies showed that PVX was more efficient at tumor homing than CPMV. The analysis of tumor sections showed that PVX penetrates tumors more effectively, confirming the results from the CAM model (Fig. 10) [95] . In addition to the advantageous shape of PVX, it is also positively charged, whereas CPMV is negatively charged (see Design Rule #16). Charge must be separated from shape to define a clear rule, and we are currently evaluating VNPs with different shapes and degrees of elasticity (stiff vs. flexible) but similar surface charges.
Design Rule #15: Filamentous rods have superior tumor-homing properties and enhanced transport across plasma membranes.
6.3 Impact of nanoparticle surface charge on transport within solid tumors Surface charge plays a central role in protein-protein interactions, cellular interactions, and pharmacokinetics. Not surprisingly, surface charge also affects the transport of nanomaterials within tissues: positively charged materials penetrate tissues and accumulate within them more efficiently than negatively charged materials. The collagen-rich matrix is a major determinant of interstitial transport [112] . Collagen carries a positive charge, and negatively charged materials can aggregate in the collagen matrix through electrostatic Fig. 10 Intravital imaging of VNP uptake in human tumor xenografts in the CAM. a Avian embryos bearing vascularized GFP-expressing human fibrosarcoma HT1080 or human epithelial carcinoma HEp3 tumors (magenta) were co-injected with 515 × 13 nm filamentous PVX-PEG-A555 (red) and 30 nm-sized icosahedron CPMV-PEG-647 (green) and visualized 4 h after injection. Scale bar = 190 μm. b The analysis of whole tumor uptake of CPMV and PVX nanoparticles compared to uptake only in the tumor core was assessed using distinct ROIs (left panel) in HT1080 (middle panel) and HEp3 (right panel) tumors. While whole tumor localization of CPMV and PVX were comparable, PVX accumulated in the core of tumors to a significantly higher degree than CPMV (unpaired t test). c The localization of nanoparticles was assessed in 8 μ sections of the tumor core using fluorescence microscopy. CPMV (green) and PVX (red) are visualized in the tumor (magenta). While CPMV was visualized in punctate foci, PVX was distributed throughout the tumor in areas devoid of CPMV (white arrowheads). Reproduced with permission from Shukla et al., Mol. Pharm. 2013 [95] interactions, thus limiting their diffusion rates. Cationic nanoparticles have enhanced tumorhoming properties and also exhibit higher vascular permeability compared to their anionic counterparts [113] [114] [115] [116] [117] .
Design Rule #16: Positively charged materials have enhanced tumor-transport rates.
Considering transport in tumor tissue, various nanoparticle parameters play a role, including size, shape, and surface chemistry/charge. One must also keep in mind that tumors are heterogeneous structures consisting of different cell types, and the connecting tissue throughout the diseased area can have varying degrees of density and other structural properties. The interfacial layer between the tumor and the nanoparticle is the last hurdle to overcome and plays a role with great importance. If drugs are not distributed efficiently and cells are treated with sublethal doses, this can trigger development of drug resistance and/or reoccurrence of the disease in a more aggressive form. In physics, interfacial films that serve a lubricant role can be designed to appear at interfaces [118, 119] . If a similar approach could be produced in response to the solid tumor environment, then tumor penetration would be improved.
Summary and outlook
Nanosciences and technology have revolutionized medicine, and significant advances have been made in disease detection, imaging, and treatment. Delivery vehicles have been designed, developed, and tested that show promising results in the laboratory as well as in the clinic. Targeted drug delivery, as an example, allows for the increase of the local concentration of the drug at the target site, thus increasing efficacy while at the same time reducing adverse effects, representing an important milestone in chemotherapy treatment for cancer patients.
As the research field of nanotechnology grows, rules guiding the intelligent design of delivery vehicles are emerging (Table 1 ). More research is required to fully comprehend the rules and allow for global optimization. Early research focused on the study of surface chemistry of nanoparticles, and PEGylation was defined as a successful strategy to reduce undesired nanoparticle-protein and -cell interactions, thereby improving pharmacokinetic stability and biodistribution. More recent research has focused on the study how physical properties, such as nanoparticle size and shape, impact their in vivo fate as they circulate and are delivered to the tumor. Based on abundance and ease of synthesis of spherical nanomaterials, most research and (pre)clinical testing has focused on the study of spherical particles, such as liposomes, dendrimers, and icosahedral VNPs. However, recent data indicate advantages of non-spherical materials, and this suggests a paradigm shift in nanomedical engineering. Advances in nanomanufacturing and chemical synthesis can assist with the production of nanomaterials of diverse shapes and compositions tailored for specific applications. An emerging trend is the development of multistage systems, in which specialized materials and components are linked together to navigate the body's complex systems so as to deliver cargos to specific cells, tissues, and/or organs.
The application of VNPs as delivery systems for imaging and/or drug delivery is still a young discipline; only a few VNP structures have been studied in pre-clinical animal models. Given the diverse shapes and sizes of genetically controlled and monodispersed VNP systems provided by nature (Fig. 1) , we can explore and potentially exploit the more exotic structures, rather than solely focusing our efforts on the traditional viral icosahedron. Advances in physical virology, along with development of protocols and methods that allow tailoring of VNPs via genetic and chemical modification, provide a foundation to apply engineering concepts to a variety of structures. Our lab has turned toward structure-function studies with the goal to further elucidate how shape, aspect ratio, charge, and flexibility of VNP carriers impact their in vivo fate. This is expected to help define rules for effective design of delivery vehicles for their ultimate clinical benefit. Based on these genetically controlled and monodispersed structures, in combination with design rule guidance, VNPs provide an exciting platform to define structure-function relationships in nanomedicine and to produce targeted delivery vehicles. Receptor-specific ligands can be used to target specific cell types and enhance cellular uptake via endocytosis. 3 PEG or other shielding ligands should be included to reduce non-specific cell interactions and evade the immune system. 4
Positively charged materials interact with mammalian cells more productively than negatively charged materials. 5
Multivalency and increased ligand density can enhance cellular uptake, but typically there is a threshold for optimal ligand density and spacing. 6 Through competition between hydrodynamic driving force and receptor diffusion kinetics, there is an optimum radius (R* = 30-50 nm) for efficient membrane wrapping and internalization. 7
Ellipsoid and cylindrical particles may be ideal for targeted uptake if the aspect ratio is optimized and especially if contact orientation can be controlled. 8
Non-spherical, low-density nanoparticles have superior margination properties and thus a higher propensity to reach the target site. 9
Oblate particles adhere more strongly to vascular targets. 10 Size must be compromised: a larger nanoparticle has a larger surface area and can display more ligands for binding, but hydrodynamic and shear forces are also greater and work against attachment.
11
In vivo studies must accompany modeling and in vitro testing because biological principles are more complex than mathematical and physical models can predict. 12 Elongated materials have longer circulation times and superior tumor homing properties compared to spherical nanoparticles. 13 Positively charged materials have longer circulation times. 14 Larger nanoparticles are more likely to accumulate in the tumor or target the vessel wall, but smaller particles can penetrate more deeply. 15 Filamentous rods have superior tumor homing properties and enhanced transport across plasma membranes. 16 Positively charged materials have enhanced tumor transport rates.
Nanomedicine, including the branch of VNPs, is an interdisciplinary research effort: physical virology lays the foundation and provides knowledge in virus structure and assembly. Developments in chemistry produce manifold protocols and methods for tailoring of VNPs. Biology and bio(medical) engineering contribute to the fundamental understanding of the in vivo properties of VNP-based materials and to their ultimate development and implementation.
Biophysical modeling and experiments will provide the basis to integrate our knowledge of the fundamental LRIs dictating the lifecycle and fate of cargo-loaded VNPs in their changing environments, for example the plasma during circulation and the tumor tissue at the target site. Understanding these fundamental interactions will help not only the VNP design lab but also nanomedical engineers to develop clinically effective delivery systems.
